Increased ambient air pollutant concentrations during pregnancy have been associated with reduced birth weight, but the etiologically relevant pregnancy time window(s) is/are unclear. In 76,500 singleton births in Monroe County, NY (2005NY ( -2016, who were 37-42 gestational weeks at delivery, we used generalized linear models to regress term birth weight against mean gestational month pollutant concentrations, adjusting for mean temperature, and maternal, infant, and medical service use characteristics. Overall, there were no clear patterns of term birth weight change associated with increased concentrations of any pollutant across gestational months. However, among Hispanic women only, increases in all pollutants, except O 3 , in multiple gestational months, were associated with decreased term birth weight. Each 3.25 μg/m 3 increase in PM 2.5 concentration in the 6 th gestational month was associated with a −20.4 g (95% CI = −34.0, −6.8) reduction in term birth weight among Hispanic women, but a 4.1 g (95% CI = −2.5, 10.8) increase among non-Hispanic mothers (p for interaction < 0.001). Although ambient air pollutant concentrations during pregnancy were not associated with reduced term birth weight among women of all ethnicities living in Monroe County, this observed association in Hispanic mothers may be a result of less exposure misclassification and bias (due to closer residential proximity to the monitoring site).
Introduction
Birth weight is an important determinant of physical, psychological, and behavioral outcomes in later life [1] with some studies reporting associations between increased ambient air pollutant concentrations during pregnancy and reduced birth weight or an increased risk of low birth weight (LBW) (<2500 g) among term births (>37 weeks gestation at birth) [2] [3] [4] [5] [6] [7] [8] , but not others [9] . In an international meta-analysis of 14 studies, increased mean concentrations of particulate air pollution across the entire pregnancy were associated with increased odds of low term birth weight (<2500 g) [5] . However, because this metaanalysis and these 14 studies did not identify specific gestational age windows (e.g., early or late pregnancy) during which exposure to air pollution was consistently associated with LBW, understanding potential mechanisms of any pollutant effect on fetal growth has been difficult [10] . In a study of pregnant Beijing women before, during, and after the 2008 Beijing Olympics, we found that infants of Beijing residents, whose 8 th month of gestation occurred during the 2008 Olympics and its large air pollution reductions, were heavier (23 g; 95% CI = 5, 40), on average, than infants whose 8 th month occurred during the same 2007 and 2009 calendar dates. Further, incremental increases in PM 2.5 , CO, SO 2 , and NO 2 concentrations during the 8 th month of pregnancy were associated with 17-34 g decreases in term birth weight, respectively [9] . Although this study suggested late pregnancy air pollution exposure was important with regard to their effects on term birth weight and fetal growth, confirmation is needed in US cities with lower air pollution concentrations.
Increased risks of preterm birth [11] and preeclampsia, among women living in Monroe County, New York [12] , have been associated with ambient concentrations of PM and gaseous pollutants during pregnancy, but associations with term birth weight have not been examined. Using a multi-year dataset of all births to women living in Monroe County and ambient pollutant concentrations measured at a central monitoring station in Rochester, NY, we hypothesized that increased mean pollutant concentrations in gestational months 7-9 (i.e., late pregnancy) would be associated with reduced term birth weight among term births. We then explored whether those associations were different by season, maternal employment, ethnicity, pregnancy complications, and infant gender.
Material and methods

Study population
We used maternal and infant data obtained from the Finger Lakes Region Perinatal Data System (FLRPDS), a collection of birth certificates and supplemental questionnaire data for births in the nine-county Finger Lakes region in New York State. Birth registrars at each hospital obtained data from mothers through interviews or surveys and abstracted data from mothers' and infants' medical (including prenatal) records. We included only singleton births to women residing in Monroe County at the time of birth from 1 January 2005 to 31 December 2016, with a gestational age of 37-42 completed weeks and a birth weight ≥ 500 g.
From the FLRPDS, we extracted data on infant and maternal characteristics, pregnancy complications, and medical service-related information. We also obtained information on the date of the last menstrual period (LMP). Gestational age was calculated primarily based on LMP, with clinical estimates used for those subjects missing the LMP date. We estimated the beginning and ending date of each gestational month (here, each month was 31 days), and used this to calculate mean pollutant concentrations for each gestational month. The mean pollutant concentrations for the last month was calculated for the last 31 days before the date of delivery. The primary outcome was term birth weight (in grams), but we also defined LBW as a term birth weight < 2500 g. The study was approved by the University of Rochester Medical Center Research Subjects Review Board.
Air pollution and weather data
Hourly concentrations of air pollutants were collected from the New York State Department of Environmental Conservation (NYSDEC) site in Rochester. This site is adjacent to two major highways (I-490 and I-590) and State Route 96 on the east side of Rochester and measures hourly mass concentrations of fine particles (PM 2.5 , aerodynamic diameter < 2.5 μm), number concentrations of ultrafine particles (UFP, particles < 100 nm) and accumulation mode particles (AMP, particles with diameters of 100-470 nm), black carbon (BC, a marker of traffic pollution), sulfur dioxide (SO 2 ), and ozone (O 3 ). Temperature and relative humidity data measured at the Rochester International Airport were obtained from the National Oceanic and Atmospheric Administration (NOAA) National Climate Data Center. For each study subject's gestational month of pregnancy, we calculated mean pollutant concentrations, temperature and relative humidity if at least 75% of the hourly pollutant, temperature, or humidity values during the specified gestational month period were reported. We then used these monthly pollutant concentrations and weather characteristics in the statistical analyses described below.
Study design and statistical analyses
We used a cohort study design linking exposure to ambient pollutant concentrations during each gestational month with birth weight. We excluded births with an estimated date of conception before 17 April 2004 or after 12 March 2016 to avoid fixed cohort bias [13] .
Using generalized linear models, we regressed each subject's term birth weight (g) against their mean PM Next, we explored whether the association between air pollution and term birth weight varied by maternal ethnicity (non-Hispanic or Hispanic), by adding interaction terms between the mean pollutant concentration and Hispanic to our model. Similarly, we examined effect modification of the pollutant/term birth weight association by maternal employment during pregnancy (employed or not employed) as well as the presence of pregnancy complications (i.e., gestational diabetes and/or gestational hypertension and eclampsia) and/or adverse birth conditions (i.e., fetus at risk or abnormal birth conditions).
Sensitivity analyses
Next, we separately added the mean O 3 concentration from the same gestational month to each model with PM 2.5 , BC, UFP, AMP, or SO 2 to estimate the difference in term birth weight associated with each IQR increase in pollutant concentration, independent of ozone. Second, using logistic regression with LBW as the outcome and the same set of covariates as in the main analyses, we estimated the odds of LBW associated with each IQR increase in each mean pollutant concentration during each gestational month. Data management and descriptive analyses were conducted using SAS v.9.4 (SAS Inc., Cary, NC, USA), and all the GLM and logistic analyses were conducted using R (version 2.15.0).
Results
During the study period, there were 88,401 singleton live births in Monroe County compatible with the inclusion criteria. After excluding births with missing data for covariates included in our analytic models, we based our analyses of term birth weight on 76,500 subjects (86.5% of the total included subjects). Among the study subjects, the mean term birth weight was 3431.6 (±471.6) g and the overall percentage of term LBW infants was 2.15%. As shown in Table 1 , LBW was more common among women who were younger, non-white, Hispanic, with less education, and among women who reported use of tobacco, alcohol, or drugs during pregnancy. LBW babies were also more common among women with lower pre-pregnancy BMI, with a previous cesarean section, gestational hypertension, preeclampsia, or eclampsia, and for infants of smaller gestational age, who were female, born in the winter, the first baby of the mother, and with the first prenatal visit happening during late pregnancy.
The mean and interquartile range of pollutant concentrations and weather variables were similar across each gestational month (Supplementary Table 1 ). Correlation coefficients for pollutant concentrations across gestational months and for pollutants within a gestational month are shown in Supplementary Table 2 . Across gestational months, mean SO 2 concentrations were highly correlated (0.781 > r < 0.902), while BC (0.251 > r < 0.737), UFP (0.469 > r < 0.758), and AMP (0.256 > r < 0.591) were moderately correlated. PM 2.5 was only weakly correlated (0.035 > r < 0.503), while O3 was more variable, likely due to across-season patterns (−0.784 > r < 0.785). Within each gestational month, mean concentrations of PM 2.5 , BC, AMP, UFP, and SO 2 were moderately correlated (e.g., Month 1: 0.431 > r < 0.719), while O 3 was only minimally correlated with any other pollutant (e.g., Month 1: −0.162 > r < 0.161).
Inconsistent with our a priori hypothesis, increases in gestational month pollutant concentrations were generally not associated with decreased term birth weight among term births (Table 2) . However, each IQR increase in BC concentration in the 1 st gestational month was associated with a 13.4 g increase in term birth weight (95% CI = 3.4, 23.4). Consistent with our a priori hypothesis, reduced term birth weight was associated with IQR increases in UFP concentrations in the 6 th gestational month (−7.5 g; 95% CI = −14.5, −0.4) and 7 th gestational month (−6.3 g, 95% CI = −13.3, 0.6), and increased O 3 concentrations in the 1 st gestational month (−15.8 g, 95% CI = −31.5, −0.1). However, increased term birth weight was associated with IQR increases in mean O 3 in the 7 th gestational month (17.2 g, 95% CI = 3.1, 31.4).
There were also no clear patterns of effect modification of the air pollutant/term birth weight associations by infant gender (Table 3; Supplementary Table 3) . However, among male infants, each IQR increase in PM 2.5 concentration in the 3 rd gestational month was associated with a 5.6 g decrease in term birth weight (95% CI = −13.5, 2.3), while among females it was associated with a 3.1 g increase (95% CI = −4.8, 11.0; p-value for interaction = 0.024) ( Table 3) . Models adjusted for temperature of each gestational month, gestational ages, year of birth, month of conception, sex of infant, parity, maternal education, maternal country of birth, maternal race, maternal ethnicity, maternal tobacco use, maternal drug use, maternal pre-pregnancy BMI, previous preterm birth, previous cesarean section, pre-pregnancy diabetes, pre-pregnancy hypertension, hospital of birth, trimester of first prenatal care visit, primary provider of prenatal care, primary payer for prenatal care PM 2.5 : fine particles (aerodynamic diameter < 2.5 μm). UFP ultrafine particles (particles with diameters < 100 nm), AMP accumulation mode particles (particles with diameters 100-470 nm), BC black carbon (a marker of traffic pollution), Term birth weight and ambient air pollutant concentrations during pregnancy, among women living in. . .
Although there was no clear pattern of effect modification by pregnancy complications (Table 3, Supplementary  Table 4) , among pregnancies with complications each IQR increase in PM 2.5 concentration in the 6 th gestational month was associated with a significantly (p = 0.010) greater increase in term birth weight (10.3 g; 95% CI = 1.1, 19.5) than in those pregnancies without complications (−1.0 g; 95% CI = −7.9, 5.9) ( Table 4) . Among pregnancies where the mother was unemployed, decreases in term birth weight associated with IQR increases in PM 2.5 concentration in the last 31 days (−9.6 g; 95% CI = −17.3, −1.8) were significantly (p = 0.025) larger in magnitude than among employed mothers (−0.9 g; 95% CI = −7.4, 5.7) ( Table 3) . IQR increases in PM 2.5 concentration in the 1 st and 9 th months followed similar patterns, but there was no pattern of effect modification of associations between other pollutants and term birth weight (Supplementary Table 5 ). However, there were clear differences in term birth weight changes associated with IQR increases in mean PM 2.5 concentrations in multiple gestational months for Hispanic versus non-Hispanic women (e.g., Month 1-non-Hispanic: 0.6 g, 95% CI = −7.8, 6.6; Hispanic: −16.5 g, 95% CI = −30.3, −2.7; p = 0.017; Table 4 ). Similar patterns of effect modification by ethnicity were observed for all other pollutants at most gestational months, except O 3 (Supplementary Table 6 ). When adjusting for the mean O 3 concentration in the same gestational month, we did not observe any associations between IQR increases in pollutant concentrations and term birth weight, except for BC during the 1 st gestational month (IQR = 0.28 μg/m 3 ; 11.6 g, 95% CI = 1.5, 21.7) (Supplementary Table 7 ). Similar to our main analysis findings with term birth weight as the outcome, we did not find any increased odds of LBW associated with IQR increases in concentrations of any pollutant during any gestational month (Table 4) .
Discussion
Using a large dataset combining birth certificates and maternal and infant hospital discharge data in the Finger Lakes region of New York State and 12 years of air pollution monitoring data, we did not find consistent associations between term birth weight and concentrations of any pollutant (i.e., PM 2.5 , BC, UFP, AMP, SO 2 , and O 3 ) during any gestational month, after adjustment for numerous maternal, infant and birth characteristics, and temporal factors (i.e., season and long term time trend). Results were similar after additional adjustment for ambient O 3 concentrations, as well as when estimating pollutant effects on the odds of LBW. There were no differences in term birth weight changes associated with air pollutants by maternal Models adjusted for temperature of each gestational month, gestational ages, year of birth, month of conception, sex of infant, parity, maternal education, maternal country of birth, maternal race, maternal ethnicity, maternal tobacco use, maternal drug use, maternal pre-pregnancy BMI, previous preterm birth, previous cesarean section, pre-pregnancy diabetes, pre-pregnancy hypertension, hospital of birth, trimester of first prenatal care visit, primary provider of prenatal care, primary payer for prenatal care PM 2.5 : fine particles (aerodynamic diameter < 2.5 μm). UFP ultrafine particles (particles with diameters < 100 nm), AMP accumulation mode particles (particles with diameters 100-470 nm), BC black carbon (a marker of traffic pollution),
employment during pregnancy, pregnancy complications, adverse birth conditions, or infant gender. However, infants born to unemployed mothers had slightly larger reductions in term birth weight associated with increased pollutant concentrations than employed mothers. Further, across all gestational months and multiple pollutants, we observed large decreases in term birth weight associated with increased gestational month pollutant concentrations among Hispanic mothers, but not among non-Hispanic mothers.
Our finding of no association between air pollution levels during pregnancy and term birth weight among term birth is inconsistent with most previous studies. A pooled analysis of 14 European birth cohort studies reported a −7 g reduction in term birth weight (95% CI = −17, 2) associated with each 5 μg/m³ increase in PM 2.5 concentration across the entire pregnancy [4] . An increased risk of LBW associated with increased gestational PM pollutant concentrations was reported in a meta-analyses of multicontinent studies [5] . In the United States, an increased risk of LBW was associated with PM 2.5 concentrations in both early and late pregnancy (1 st and 3 rd trimesters in a New Jersey study [14] . In Massachusetts and Connecticut, each 2.2 μg/m 3 increase in PM 2.5 concentrations during pregnancy was associated with a -14.7 g reduction (-17.1 to -12.3) in birth weight among term births (37-42 gestational weeks) [15] . In Beijing, interquartile range increases in air pollutant concentrations during the 8 th month were associated with 17 g to 34 g reductions in term birth weight among term births. In the same study, pregnancies with their 8 th gestational months during the 2008 Beijing Olympics (and its large declines in air pollutant concentrations during the Games) were 23 g larger (95% CI = 5, 40) than pregnancies with their 8 th months of pregnancy during the same calendar dates in 2007 or 2009 [9] . However, other studies reported no such associations [7] .
With regards to other studies of air pollution and birth outcomes in residents of New York State, our findings are consistent with those of Brown et al. [16] , who found no association between exposure to PM 2.5 during pregnancy and term LBW. Previously, in Rochester NY, Pereira et al. reported that elevated ambient PM 2.5 levels during pregnancy were associated with an increased odds of preterm birth, but not pre-labor rupture of membranes [11] . In another study examining the association between ambient pollutants and hypertensive disorder of pregnancy in New York City, no association was found between PM 2.5 or NO 2 concentrations and gestational hypertension [17] . Thus, the role of ambient air pollution exposure during pregnancy in New York State on birth outcomes remains unclear.
Our findings of no effect modification by infant gender is consistent with some studies [8, 18] , but not another [19] who reported that each~30 μg/m 3 increase in PM 2.5 concentration during gestation was associated with a 189 g deficit in male newborns, but only a 17 g deficit in female newborns. [19] In a systematic review, Ghosh et al. [20] reported a higher prevalence of LBW at birth among female than male infants, but a higher risk of LBW associated with pollutant concentrations among male infants.
Our finding of decreased term birth weight associated with increased concentrations of multiple pollutants among Hispanic mothers, but not non-Hispanic mothers, may be due to several factors. Some have reported that mothers with lower socio-economic status are more vulnerable to air pollution exposure during pregnancy due in part to having residences in areas of high air pollution, and/or longer times spent commuting and thus higher traffic pollution exposures [4, 21] . Further, they argue that these mothers are also more likely to have lower birth weight and a higher risk of LBW [4, 21] . Another explanation might be different degrees of exposure misclassification for Hispanic and non-Hispanic mothers. Using GIS, we mapped the residence of each mother in our study, and found that Hispanic mothers, both those born in the US (median residential distance from DEC site = 4.45 miles) and not born in the United States (median distance = 5.13 miles) generally lived closer to the monitoring station than non-Hispanic mothers born in the US (median distance = 5.87 miles) and non-Hispanic mothers not born in the United States (median distance = 5.41 miles; Fig. 1) . Thus, the PM 2.5 concentrations from the monitoring location may be better estimates of Hispanic mothers' exposures to ambient PM 2.5 during pregnancy than non-Hispanic mothers (i.e., less exposure error), resulting in less underestimation of effect estimates for Hispanic mothers than non-Hispanic mothers. Thus, this may, in part, explain our findings.
Although our study had several strengths including a large sample size with resulting increased statistical power, and the use of a detailed database of linked birth certificates and hospital admissions data, there are several limitations that should be considered when making inference. First, we used pollution data from the single central monitoring site as the proxy for each pregnant woman's individual exposure to air pollution during pregnancy, but study subjects lived a median of 5.65 miles from the monitoring station (5 th percentile = 1.80 miles, 95 th percentile = 15.67 miles). Thus, this likely resulted in non-differential exposure misclassification and underestimates of the true effects. Our previous work has suggested spatial heterogeneity in the PM 2.5 concentrations across Rochester [22] . However, other pollutants may be more spatially heterogeneous [23] [24] [25] [26] . Further, there are other modifiers of air pollution exposure (e.g., time spent indoors versus outdoors) that all could have resulted in non-differential exposure misclassification and effect underestimation. Second, tobacco use, alcohol consumption and drug use were collected through self-report and therefore may be underreported. Although this may lead to residual confounding by these factors, there were other SES covariates included in the analysis (some of which are likely correlated with tobacco, alcohol, and drug use). Thus, residual confounding by these factors is likely minimal. Third, although we ran many models, our inference was based largely on the overall pattern of term birth weight changes associated with increased pollution concentrations across gestational months, and not on whether each individual effect estimate was statistically significant. Fig. 1 Residence of each study subject, separately for: a Hispanic mothers who were born in the United States. b Hispanic mothers who were not born in the United States. c Non-Hispanic mothers who were born in the United States. d Non-Hispanic mothers who were not born in the United States decreased term birth weight. This may be a result of different degrees of exposure misclassification due to residential proximity to the air pollutant monitoring site, but further work is needed to understand these differences by ethnicity.
